Atypical protein kinase C (aPKC) isoforms ζ and λ interact with polarity complex protein Par3 and are evolutionarily conserved regulators of cell polarity. Prkcz encodes aPKC-ζ and PKM-ζ, a truncated, neuron-specific alternative transcript, and Prkcl encodes aPKC-λ. Here we show that, in embryonic hippocampal neurons, two aPKC isoforms, aPKC-λ and PKM-ζ, are expressed. The localization of these isoforms is spatially distinct in a polarized neuron. aPKC-λ, as well as Par3, localizes at the presumptive axon, whereas PKM-ζ and Par3 are distributed at non-axon-forming neurites. PKM-ζ competes with aPKC-λ for binding to Par3 and disrupts the aPKC-λ-Par3 complex. Silencing of PKM-ζ or overexpression of aPKC-λ in hippocampal neurons alters neuronal polarity, resulting in neurons with supernumerary axons. In contrast, the overexpression of PKM-ζ prevents axon specification. Our studies suggest a molecular model wherein mutually antagonistic intermolecular competition between aPKC isoforms directs the establishment of neuronal polarity.
A ternary complex of Par6, Par3, and a protein kinase, atypical protein kinase C (aPKC), forms an essential molecular determinant of cell polarity (1-3). There are two aPKC genes in the vertebrate genome, Prkcl and Prkcz, which code for three distinct proteins. Prkcl encodes aPKC-λ, and Prkcz codes for aPKC-ζ and the alternatively transcribed PKM-ζ. aPKC-ζ contains an N-terminal regulatory region comprising a protein-protein interaction motif and a pseudosubstrate sequence and a C-terminal kinase domain (4) . PKM-ζ is a truncated kinase that lacks the N terminus entirely (5) . In the invertebrates Aplysia and Drosophila, there is only one aPKC gene. However, proteolytic cleavage of the full-length aPKC generates a catalytic domain-only product, similar to PKM-ζ (6) . aPKC-λ and -ζ interact with Par proteins and function in the regulation of cell polarity in epithelia, neurons, and neural progenitors (7) (8) (9) . The most well-known, albeit controversial, function of PKM-ζ is in learning and memory storage and as a target for reversal of chronic pain states (10, 11) . In memory storage, PKM-ζ, through its sustained kinase activity, regulates AMPA receptor trafficking at the postsynaptic density. Although multiple isoforms of aPKC are often detected in cells, the functional significance of coexpression remains unclear.
The structural and functional asymmetry between the axon and the dendrites is essential for the physiological function of a neuron. The specification of a single axon from among multiple, equipotent neurites defines symmetry breaking and the establishment of polarization within a newborn neuron. In vitro culture of CNS neurons derived from embryonic rat hippocampus represents a model system to study the establishment of neuronal polarity (12, 13) . Stage II neurons have multiple neurites without a discernable axon (14) . Stage III neurons are defined by the specification of the axon (14) . Neuronal polarity is observed in the absence of asymmetric external polarity cues in this system (15) . Multiple intracellular signaling pathways have been implicated in neuronal polarity and axonogenesis, including the aPKC-Par polarity complex (14, (16) (17) (18) (19) . In a stage II neuron, where all immature neurites have the potential to become an axon, the aPKC-Par3 polarity complex is localized at the tip of every neurite. However, this complex is eventually restricted to and functionally active only in the axon in a stage III neuron (20) . The stochastic activation of PI3K signaling and a cascade of small G proteins at a single neurite, along with positive feedback between these systems, is believed to regulate the biochemical activity of the polarity complex for the specification of the axon (16) (17) (18) (19) (20) . The functional evidence of the role of aPKCs in axonogenesis originated primarily from pharmacological approaches. By using a myristoylated peptide inhibitor derived from the autoinhibitory pseudosubstrate peptide sequence of aPKC-ζ (myrZIP) that ostensibly is specific for aPKC-ζ, it was concluded that this specific isoform of aPKC was fundamental for axon specification (20) . However, recent data challenge the specificity of myrZIP and its scrambled control peptide, as well as the isoform selectivity of this reagent (21) (22) (23) . Zhang et al. overexpressed aPKC-ζ and ascribed a role of this kinase in neuronal polarization (24) . Overexpression of the full-length kinase promoted neuronal polarization, whereas expression of N-or C-terminal fragments inhibited axon specification (24) . Additionally, expression of aPKC-ζ, Par6, and Par3, but not aPKC-ζ alone, partially rescued the loss of neuronal polarity induced by the overexpression of microtubule affinityregulating kinase (MARK2/Par1b), identified as a downstream substrate of aPKC (25) . Notwithstanding, the fragments used in these studies were essentially exogenously expressed artificial constructs. The identity and function of the endogenous aPKC isoforms in neuronal polarity remain unknown.
Multiple isoforms of aPKC, including PKM-ζ, are present in embryonic hippocampal neurons (26) . We hypothesized that aPKC isoforms may have distinct functions in establishing neuronal polarity. Here we describe that two aPKC isoforms, PKM-ζ and full-length aPKC-λ, are expressed in these cells. These isoforms are localized at distinct regions of a stage III neuronaPKC-λ localizes at the presumptive axon, whereas PKM-ζ is distributed at non-axon-forming neurites. We identify a unique molecular interaction of PKM-ζ with Par3. PKM-ζ competes with full-length aPKC-λ for Par3 binding. The selective silencing of PKM-ζ disrupts neuronal polarity, resulting in the specification of supernumerary axons. Conversely, the overexpression of PKM-ζ, but not of a Par3-binding mutant of PKM-ζ, inhibits axon specification. Our results reveal a unique mechanism for the regulation of neuronal polarity by intermolecular competition between aPKC isoforms expressed within the same cell.
Results
We characterized the expression of aPKC isoforms at various days during in vitro culture of hippocampal neurons by real-time quantitative PCR (RT-qPCR) using primer pairs corresponding to unique regions of the three aPKC transcripts (Fig. S1A and Table S1 ). Expression of aPKC-λ and PKM-ζ was detected at different time points during in vitro culture (Fig. 1A) , whereas aPKC-ζ was not detected over background levels (Fig. 1A) . Additionally, we validated a panel of aPKC antibodies for isoform selectivity (Fig. S1B ) and confirmed that aPKC-λ and PKM-ζ were expressed in hippocampal neurons by immunoblotting. Whereas SC-17781 recognized the ∼70-kDa aPKC-λ and the ∼55-kDa PKM-ζ, SC-11399 was specific for aPKC-λ and did not detect PKM-ζ (Fig. 1B) . Characterization of aPKC expression in acutely isolated embryonic hippocampus validated our in vitro observations ( Fig. 1 C and D) . SC-216 antibody also recognized both aPKC-λ and PKM-ζ by Western blotting (Fig. S1C ). An additional antibody, CS-C24E6, was specific for aPKC-ζ and PKM-ζ but failed to detect endogenous levels by Western blot (Fig. S1B) . The expression pattern of aPKC isoforms was also conserved in a primate-macaque (Fig. 1E) . Although only aPKC-λ and PKM-ζ were detected in the adult hippocampus, all three isoforms, including aPKC-ζ, were detected in the cerebellum (Fig. 1E and F) .
A role of full-length aPKC has been described in neuronal polarity (20) . However, whether PKM-ζ also functions in specifying the axon remains unknown. We determined the localization of the two aPKC isoforms by using a combination of two antibodies-the antibody SC-17781 that recognizes both aPKC-λ and PKM-ζ (panaPKC) and SC-11399, which that is aPKC-λ-specific. In stage II neurons, both of the aPKC antibodies, as well as Par3 antibody, stained the tips of all immature neurites ( Fig. 2 A and B) . These results are consistent with the observation that aPKC-λ and Par3 localize to all neurites at stage II (18, 20, 27) . In stage III neurons, staining with both aPKC antibodies was detected at the tip of the axon (Fig. 2 C, Right Inset). However, at the minor neurites (neurites not specified as axon), aPKC-λ-specific staining was absent, and only the pan-aPKC antibody staining was detected ( Fig. 2 C, Left Inset) . Therefore, in stage III neurons, PKM-ζ, but not aPKC-λ, localized to the minor neurites. Par3 staining was detected at the tip of the newly specified axon and also frequently detected at the minor neurites (Fig. 2D) . Although we could not directly detect PKM-ζ when aPKC-λ was present, together, our results suggest a model in which both isoforms colocalize at neurites in stage II neurons. In contrast, in stage III, PKM-ζ localizes at the tips of minor neurites, spatially segregated from aPKC-λ, which localizes to the presumptive axon. This model is also consistent with the localization and function of PKM-ζ and Par3 in the postsynaptic regions of mature neurons (28) (29) (30) .
To investigate the functional role of PKM-ζ in axon specification, we selectively silenced PKM-ζ using two independent PKM-ζ-specific siRNA sequences during in vitro culture of hippocampal neurons. GFP plasmid was used for cotransfection, and transfected neurons were identified by GFP signal. The specificity of PKM-ζ silencing was confirmed by RT-qPCR, as well as by immunoblotting (Fig. S2 A-C) . These results confirm that there were no significant changes to the levels of aPKC-λ transcript or protein levels after PKM-ζ silencing (Fig. S2 A-C) . We observed, on average, ∼50% PKM-ζ-specific silencing in a pool of neurons in culture, consistent with the transfection efficiency of ∼40-50% as estimated by visual quantitation. Control, scrambled siRNAtransfected neurons featured only a single axon at stage III ( Fig. 3  A and B) . In contrast, multiple axon-like processes were observed in PKM-ζ-silenced neurons ( Fig. 3 C and E and Fig. S3B ). These processes were Tau+, indicating that these neurons indeed possessed supernumerary axons (Fig. 3 D and F and Fig. S3A ). Quantitative analyses revealed that 27.7 ± 1.8% of neurons transfected with PKM-ζ siRNA 1 and 22.4 ± 1.0% of neurons transfected with PKM-ζ siRNA 2 had more than one axon, in contrast to 1.8 ± 0.4% and 3.5 ± 2.5% of scrambled siRNAtransfected or untransfected cells, respectively (Fig. 3G) . These results indicate that PKM-ζ represses axon specification. Interestingly, after PKM-ζ silencing, aPKC-λ and Par3 were detected in the supernumerary axons ( Fig. 3 H-J) , suggesting that loss of PKM-ζ allows the persistence of aPKC-λ localization at all neurites leading to the multiple-axon phenotype. Our observations indicate that PKM-ζ expression at minor neurites at stage III may have an active role in precluding axon specification. We hypothesized that aPKC-λ and PKM-ζ may have competing biochemical interactions with common partners, such as Par3. Although Par3 is established as an interaction partner of full-length aPKC isoforms, whether it can also bind PKM-ζ is unknown. Therefore, we directly tested whether PKM-ζ can interact with Par3. Using the yeast two-hybrid system, we observed that PKM-ζ can indeed directly interact with a region of Par3 encoding amino acids 813-837, homologous to the domain through which Par3 binds aPKC-ζ (31) (Fig. 4A) . Next, we expressed Flagtagged PKM-ζ and myc-tagged Par3 in HEK293 cells and demonstrated that these proteins interact by coimmunoprecipitation (Fig. 4B) . We also reciprocally tagged these proteins and confirmed this interaction (Fig. S4) . Importantly, we did not detect interaction between aPKC-λ and PKM-ζ in these experiments (Fig.  S5C) . Finally, the PKM-ζ-specific antibody (CS-C24E6) successfully coimmunoprecipitated Par3 from untransfected E19 rat hippocampal lysates (Fig. 4C ). This result indicates that endogenous PKM-ζ interacts with Par3 in neurons. Furthermore, we established a Flag-tagged Par3-expressing stable HEK293 cell line and transfected increasing amounts of PKM-ζ plasmid DNA. Increased expression of PKM-ζ in these cells correlated with increased coimmunoprecipitation with 3xFlag-Par3 and a progressively decreased association of endogenous aPKC with Par3 (Fig. 4D) . These experiments provide biochemical evidence of an interaction of PKM-ζ with Par3 and indicate that PKM-ζ can directly compete with aPKC for Par3 binding. The reverse experiment, in which PKM-ζ overexpression was held constant and expression of GFPtagged aPKC-λ was increased, demonstrates that there is a mutually antagonistic relationship between the two complexes. aPKC-λ can displace PKM-ζ for Par3 binding (Fig. 4E) .
Our biochemical results predict that altering the stoichiometry of aPKC isoforms would disrupt neuronal polarity. Overexpression of PKM-ζ should prevent axon specification, whereas aPKC-λ overexpression should lead to multiple axons. In control experiments (GFP transfection) 59.8 ± 2.8% had a single, normal axon and 17.4 ± 0.6% of neurons failed to develop an axon; 2.7 ± 0.3% neurons had supernumerary axons ( Fig. 5 A and D) . PKM-ζ overexpression resulted in neurons that lacked a discernable axon; 51.3 ± 1.3% of neurons failed to develop an axon ( Fig. 5 B and D and Fig. S3C ). Conversely, increasing the amount of aPKC-λ by overexpression led to supernumerary axons; 24.3 ± 5.9% of neurons featured multiple axons ( Fig. 5 C and D and Fig. S3D ). Furthermore, we hypothesized that PKM-ζ effects on neuronal polarity would be dependent on its ability to bind Par3. Based on the published structure of aPKC-λ-Par3 interaction (32), we deleted seven amino acids in PKM-ζ, corresponding to the Par3-binding region of aPKC-λ (Fig. S5A ). This construct (PKM-ζΔIITDNPD; henceforth referred to as PKM-ζΔPar3) failed to bind Par3 (Fig. 5E and Fig. S5 B and C) . Unlike PKM-ζ, PKMζΔPar3 overexpression did not significantly alter axon specification or neuronal polarity (Fig. 5F ). We found that 56.9 ± 2.9% of PKM-ζΔPar3-transfected neurons exhibited a normal morphology with 26.1 ± 4.4% failing to develop an axon and 1.1 ± 1.1% exhibiting multiple axons (Fig. 5D) . We also expressed an siRNA-resistant PKM-ζ in neurons where the endogenous PKM-ζ was silenced. This process resulted in a partial rescue of normal morphology (Fig. 5G) . In contrast, an siRNA-resistant form of PKM-ζΔPar3 failed to rescue the effects of PKM-ζ silencing (Fig. 5H) . As shown in Fig. 3G originally and reproduced in Fig.   5I , scrambled siRNA had only 1.8 ± 0.4% neurons with multiple axons, whereas PKM-ζ silencing resulted in 27.7 ± 1.8% neurons with supernumerary axons. Additionally, 13.1 ± 1.9% of neurons cotransfected with PKMζ-siRNA and siRNA-resistant PKMζ had multiple axons indicating a partial rescue (Fig. 5I) . However, 28.8 ± 2.3% of PKM-ζ silenced, PKM-ζΔPar3 rescue cells had more than one axon (Fig. 5I) . Therefore, Par3 binding is essential for PKM-ζ function in regulating neuronal polarity. These results are consistent with our model in which PKM-ζ has an axon-repressive role, whereas aPKC-λ promotes axon specification. The competing interactions of these two aPKC isoforms for Par3 binding regulate neuronal polarity.
Discussion
In hippocampal neurons, polarity is established as a single axon is specified from multiple, equipotent neurites. Axon specification involves the localization and activation of aPKC-Par complex at a unique neurite. Molecular mechanisms that favor biochemical activation and physiological function of the aPKC-Par complex at the presumptive axon represent stochastic, positive signals and positive feedbacks (16) (17) (18) (19) . If there are active signals that prevent other neurites from adopting axonal fate, they are not known. We demonstrate a previously undescribed functional role of the truncated aPKC isoform, PKM-ζ that is coexpressed with aPKC-λ in hippocampal neurons, in regulating neuronal polarity through intermolecular competition for Par3 binding. PKM-ζ biochemically disrupts full-length aPKC-Par3 complex at the minor neurites and prevents their specification into axons. In the absence of PKM-ζ, the tightly regulated process of specifying only one axon is compromised, and neurons with multiple axons result. Therefore, a combination of positive signals favoring assembly of aPKC-Par polarity complexes at the presumptive axon together with an opposing negative signal, PKM-ζ-mediated disruption of the formation of aPKC-Par polarity complex at the minor neurites, leads to hippocampal neuron polarization (Fig. 6) . Recently, mathematical modeling and experimental validation approaches have begun to reveal how negative feedback and mutual antagonism mechanisms add to positive feedback pathways and allow for stability and robustness of polarity signaling in yeast and Drosophila (33-35). Our proposed model is consistent with such paradigms that amplify transient, stochastic signal variation into symmetry breaking and the generation of stable asymmetry. The biochemical mechanisms by which the aPKC-λ-Par6-Par3 complex favors axonogenesis, while the PKM-ζ-Par3 complex inhibits axon formation remains to be elucidated. However, a recent paper describes conformation-dependent function of Par3 in differentially regulating microtubule organization and growth at dendrites vs. axon (36) . It is possible that aPKC-λ-Par6 vs. PKM-ζ binding to Par3 can lead to distinct Par3 conformations.
Whether the localization of positive signals such as PI3K-mediated aPKC-Par complex activation at the nascent axon vs. negative signals such as PKM-ζ-mediated disruption of aPKCPar complex at the minor neurites is regulated by external cues in vivo remains unknown. Although the "Banker culture" is a wellrecognized model for investigating cell-intrinsic mechanisms that can define neuronal polarity and specify an axon in cultured neurons (13) , the necessity and sufficiency of these mechanisms in axon specification in vivo remain poorly understood. For example, the genetic loss of function of Drosophila Par3, Par6, or aPKC was shown not to affect axon formation in vivo (37) . Although neural precursor-specific genetic ablation of aPKC-λ in mouse (aPKC-λ loxP/loxP /Nestin-cre) resulted in early neurodevelopmental abnormalities (38) , recent studies that knock out Prkcz in mice demonstrate no effect on learning and memory and do not report any alterations in brain anatomy or neuronal circuits (22, 23) . These reports indicate that, perhaps unsurprisingly, redundant mechanisms govern physiologically fundamental processes such as axon specification and memory storage in vivo. For example, several mechanisms exist that prune exuberant axonal connections and ensure proper neuronal circuits (39, 40). Even the regulation of polarity is ascribed to functionally redundant pathways, and single gene knockouts mostly fail to reveal phenotypic effects (41) . The in vivo role of PKM-ζ in axon specification remains unaddressed in the present study. The PKM-ζ transcript, although primarily neuronal in its expression pattern, has been described to be present in nonneuronal cells (5) . Alternatively, although neuronal expression of PKM-ζ is regulated at the transcriptional level, the free catalytic domain of aPKC-ζ can be generated by protease cleavage in other cell types (42, 43) . It is tempting to speculate that this truncated isoform is also capable of disrupting aPKC-Par complexes. It will be interesting to test whether loss of polarity in epithelial cells, such as during the loss of barrier function in the intestine during inflammation or aberrant migration of cancer cells, is mediated by PKM-ζ expression or proteolytic processing of fulllength aPKC-ζ.
Materials and Methods
Rat Hippocampal Cell Culture. Timed pregnant Sprague-Dawley rats were purchased from Harlan Laboratories. All experimental procedures were conducted with approval from the University of Arizona Institutional Animal Care and Use Committee.
Hippocampal neurons were isolated from E18 rat hippocampus by methods described by Kaech and Banker (44) . Stages of polarization within transfected populations of neurons were quantified by counting at least 150-250 GFP or Flag-positive neurons, and categorizing was done as described in Dotti et al. (13) . In brief, short processes of equal length were classified as neurites. "Indeterminate" refers to a single process of length greater than other neurites, but not greater than three times the length of other processes. Axons were defined as Tau-positive processes whose length exceeded three times the length of other minor processes. Plasmids. Mutations were generated by site-directed mutagenesis as described in Zheng et al. (45) . siRNA-resistant plasmids were generated by introducing silent mutations by site-directed mutagenesis. Table S2 contains a list of all plasmids.
Yeast Two-Hybrid Assay. Yeast two-hybrid DNA-binding domain and activation domain constructs were subcloned into the pGAD-GH and pGBT9 backbones. Transformation and growth were performed in the strain PJ69-4A (MATα leu2-3, 112 ura3-52 trp1-901, his3-200 Gal4Δ gal80Δ::GAL2-ADE2 lys2::GAL1-HIS3 met2:: GAL7-LacZ) as described in James et al. (46) . Plasmids were cotransfected onto synthetic defined (SD)-Leu-Trp dropout plates. Independent colonies were grown under selection, and saturated cultures were used for dilution series plating. The ADE (Adenine) reporter was selected for high stringency.
Imaging and Microscopy. Immunofluorescent imaging was performed on Olympus FluoView1000 or FluoView1200 confocal laser scanning microscope. Images of hippocampal neurons were captured by using a 60× 1.42-numericalaperture oil-immersion objective. All images are presented as z-projections of z-stacks. Images were processed by using Adobe Photoshop CS5.
Western Blotting and Coimmunoprecipitation. Coimmunoprecipitations were performed as described in SI Materials and Methods and analyzed by Western blotting. A list of primary and secondary antibodies and concentrations used can be found in Table S3 . Signal was detected by using the Odyssey Imaging System (LI-COR).
Statistics. Statistical significance for stages of neuronal polarization was determined by χ 2 test using Prism 5. All data are presented as mean ± SEM unless indicated otherwise. Detailed description of materials and methods can be found in SI Materials and Methods.
